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Mass extinctions drove increased global faunal
cosmopolitanism on the supercontinent Pangaea
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Mass extinctions have profoundly impacted the evolution of life through not only reducing
taxonomic diversity but also reshaping ecosystems and biogeographic patterns. In particular,
they are considered to have driven increased biogeographic cosmopolitanism, but quantita-
tive tests of this hypothesis are rare and have not explicitly incorporated information on
evolutionary relationships. Here we quantify faunal cosmopolitanism using a phylogenetic
network approach for 891 terrestrial vertebrate species spanning the late Permian through
Early Jurassic. This key interval witnessed the Permian–Triassic and Triassic–Jurassic mass
extinctions, the onset of fragmentation of the supercontinent Pangaea, and the origins of
dinosaurs and many modern vertebrate groups. Our results recover signiﬁcant increases in
global faunal cosmopolitanism following both mass extinctions, driven mainly by new,
widespread taxa, leading to homogenous ‘disaster faunas’. Cosmopolitanism subsequently
declines in post-recovery communities. These shared patterns in both biotic crises suggest
that mass extinctions have predictable inﬂuences on animal distribution and may shed light
on biodiversity loss in extant ecosystems.
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Earth history has been punctuated by mass extinctionevents1, biotic crises that fundamentally alter bothbiodiversity and biogeographic patterns1, 2. A common
generalisation is that mass extinctions are followed by periods of
increased faunal cosmopolitanism1–4. For example, the Early
Triassic aftermath of the Permian–Triassic mass extinction,
the largest extinction event known5, 6, has been considered
as characterized by a globally homogeneous ‘disaster fauna’
dominated by a small number of widely distributed and abundant
taxa1, 3, 6–8. Similar patterns have been proposed for the
aftermath of the mass extinction at the end of the Triassic9.
However, explicit quantitative tests of changes in cosmopolitan-
ism across mass extinctions are rare and have been limited to
small geographical regions3 or have not incorporated information
from evolutionary relationships (phylogeny)2, 3.
In order to test the impact of mass extinctions on biogeo-
graphic patterns, a method for quantifying relative changes in
cosmopolitanism through time is required. Sidor et al.3 proposed
that the spatial occurrence data can be modelled as a bipartite
taxon-locality network, specifying the distribution of fossil taxa
(e.g., species) within deﬁned localities (e.g., geographic areas such
as continents or basins). The biogeographic structure of this
network can then be quantiﬁed. Faunal heterogeneity (or
biogeographic connectedness, BC) can be measured as the
rescaled density of the network—the number of taxa actually
shared between localities relative to the total possible number of
taxon links between them3 (Fig. 1a, b). Higher values of BC
equate to increased cosmopolitanism (i.e., less heterogeneity),
whereas decreases in BC indicate increasing faunal endemism or
provinciality (i.e., greater heterogeneity). This approach has been
previously applied to assess regional changes in cosmopolitanism
within southern Gondwana across the Permian–Triassic mass
extinction3. Results indicated a decline in BC from the late
Permian to the Middle Triassic, indicating that cosmopolitanism
increased following the extinction event. However, this study did
not include the critical immediate post-extinction faunas (earliest
Triassic), and it is also unclear whether this regional signal is
representative of global biogeographic trends.
This network method uses only the binary presence–absence
data—i.e., information on whether a given species was present
(and sampled) within a given locality or not. It does not explicitly
incorporate information on the supra-speciﬁc phylogenetic
relationships between taxa, such as could be used to estimate
phylogenetic distance present between different species present at
different localities. As such, it may be difﬁcult or impossible to
apply to a global fossil record dominated by singletons (species
occurring at just one locality), as is common for tetrapods.
Moreover, the results are potentially sensitive to systematic
variation in taxonomic practice (i.e., ‘lumping’ vs. ‘splitting’) and
differential temporal and spatial sampling. Consequently, it may
be useful to consider how closely related sets of species from pairs
of localities are on a continuous scale.
Here we present a modiﬁcation of this network model that
addresses these issues by incorporating phylogenetic information
into the calculation of BC. Rather than treating links between taxa
in different geographic regions in a binary fashion, they are
instead inversely weighted in proportion to the phylogenetic
distance between them (Fig. 1a, c). These reweighted links are
then used to calculate phylogenetic biogeographic connectedness
(pBC). As with BC, higher levels of pBC equate to more
cosmopolitan faunas, with less phylogenetic distance between sets
of species from pairs of localities. By contrast, lower values of pBC
indicate greater endemism, and increased phylogenetic disparity
between sets of species from pairs of localities. This method was
applied using an informal supertree (Fig. 2a; Supplementary
Note 1) and species-level occurrence data set of terrestrial
amniotes ranging from the late Permian to late Early Jurassic
(c. 255–175Ma; see Supplementary Note 2). A k-means cluster
analysis was used to group taxa into ten distinct geographical
regions based on their occurrence palaeocoordinates (Fig. 2b;
Supplementary Note 3). The sampled interval includes the
Permian–Triassic and Triassic–Jurassic mass extinction events,
and the origins of key terrestrial vertebrate clades such as
crocodylomorphs, dinosaurs, lepidosaurs, mammaliaforms,
pterosaurs, and turtles9. It is of particular biogeographic interest
due to the presence of the supercontinent Pangaea10, which began
to break apart by the Early Jurassic. Although barriers to dispersal
might be perceived as sparse on a supercontinent, numerous
studies have suggested faunal provinciality and endemism
on Pangaea, perhaps driven by climatic variation3, 9, 11–13.
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Fig. 1 Schematic illustration of network biogeography methods. a Simpliﬁed phylogeny of Dicynodontia. b, c Taxon-locality networks. Localities are
indicated by the large, pale brown circles, taxa are coloured as in (a). Taxa are connected by brown lines to the locality at which they occur. b Rescaled
non-phylogenetic biogeographic connectedness (BC) of Sidor et al.3. A single taxon, Kannemeyeria (yellow), is present at all three localities, resulting in a
link of value= 1 (solid black line) between each locality. c Phylogenetic biogeographic connectedness (pBC), as proposed here. Links (grey lines) between
taxa from different localities are weighted inversely to their phylogenetic relatedness. Line thickness and shade is proportional to the strength of the link
(and thus inversely proportional to phylogenetic distance between the two taxa)
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Our methodological approach allows patterns of global
provincialism to be quantiﬁed, and the impact of mass
extinctions on faunal cosmopolitanism tested, within an explicit
phylogenetic context. The results demonstrate the evolution
of relatively cosmopolitan ‘disaster faunas’ following both
the Permian–Triassic and Triassic–Jurassic mass extinctions,
suggesting that mass extinctions may have common biogeo-
graphical consequences.
Results
Global phylogenetic network biogeography results. A marked
and signiﬁcant increase in global pBC is observed across the
Permian–Triassic mass extinction (Fig. 3). A gentle, non-sig-
niﬁcant, decrease occurs from the Early Triassic to the Middle
Triassic. This is followed by a strong, signiﬁcant decrease to
minimum pBC values (and so maximum provincialism) in the
Late Triassic. A signiﬁcant increase in pBC is then observed after
the Triassic–Jurassic mass extinction, in the early Early Jurassic,
although pBC does not reach the levels seen in the Early Triassic.
pBC declines to levels similar to those seen in the Late Triassic
by the end of the Early Jurassic. These results show no correlation
with the number of taxa or regions sampled in each time
bin (Supplementary Note 4, Supplementary Figs 1–3) and
appear robust to variance in time bin length (Supplementary
Figs 3d and 4).
Results for non-phylogenetic network biogeographic connect-
edness (non-phylogenetic BC) of the global data set signiﬁcantly
differ from the phylogenetic results (Fig. 3). An overall decline in
non-phylogenetic BC is still observed through the Triassic, but
differences between the Lopingian, Early Triassic, and Middle
Triassic time bins are not signiﬁcant. In addition, no increase in
non-phylogenetic BC is observed over the Triassic–Jurassic
boundary.
Global analysis of taxon subsets. An increase in global pBC
across a mass extinction boundary may result from preferential
survivorship of cosmopolitan lineages8, 14–17, radiation of
opportunistic ‘disaster taxa’6, or both. In order to test which
of these processes drove observed increases in global pBC, we
carried out additional analyses on subsets of our data. The ﬁrst
set of comparisons was restricted to those less inclusive clades
that exhibit high levels of survivorship across each extinction
event, thereby removing the inﬂuence of preferential extinction
and focusing on patterns for clades established prior to
the extinction. Among these taxa, a signiﬁcant change in pBC is
no longer observed across the Permian–Triassic boundary
(Fig. 4a), although the increase across the Triassic–Jurassic
mass extinction remains signiﬁcant (Fig. 4b). The second set
of comparisons focused on novel, recently-diverging clades,
and demonstrates very high levels of pBC for these taxa in
both the Early Triassic and the earliest Jurassic, signiﬁcantly
greater than total pBC in both these and the preceding time bins
(Fig. 4a, b). Comparison of recently diverging clades in all time
bins recovers the same signal as that from the total data
set (Supplementary Note 5, Supplementary Fig. 5), indicating
that variation in pBC is not a result of differences in average clade
age in each time bin.
Geographically localized analyses. To compare hemispherical
trends in biogeographic connectedness, pBC was also calculated
for Laurasia and Gondwana separately. The signal from Laurasian
occurrences matches very closely with the global pattern (Fig. 5a).
By contrast, patterns in Gondwana diverge markedly from global
trends in the latest Triassic, where pBC abruptly rises, and then
gradually declines through the Early Jurassic (Fig. 5a).
In addition, pBC analysis was implemented on terrestrial
amniote occurrences from the southern Gondwanan data set
of Sidor et al.3. This data set groups taxa at a geological basin,
rather than broader regional, level; as a consequence, this
analysis indicates how pBC differs at geographically smaller
scales. Biogeographic connectedness is lower in the Middle
Triassic than in the late Permian under both phylogenetic and
non-phylogenetic treatments of these data (Fig. 5b); however,
the result is not signiﬁcant for phylogenetic BC.
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sanjiaoensis
N
othogomphodon danilovi
H
azhenia
concava
O
rdosiodon youngi
Ordosiodon lincheyuensis
Traversodontoides
w
angw
uensis
M
icrogomphodon
oligocynus
Antecosuchus boreus
A
ntecosuchus
ochevi
Bauria
cynops
Bauria
robusta
Charassognathus gracilis
Dvinia prim
a
Procynosuchus
sp
.
Procynosuchus delaharpeae
Cynosaurus
suppostus
Progalesaurus lootbergensis
Galesauridae indet.
Galesaurus planiceps
Cromptodon
m
amiferoides
B
olotridon frerensis
Nanictosaurus
rubidgei
Thrinaxodon liorhinus
Platycraniellus
elegans
Cynognathus
crateronotus
N
amibia Cynognathus
sp.
Antarctica Cynognathus
sp
.
Titanogomphodon
crassus
Diadem
odon tetragonus
Antarctica Diadem
odon
sp
.
Trirachodon berryi
Zambia Trirachodon
sp
.
Trirachodontidae indet.
Cricodon
m
etabolus
Langbergia
m
odisei
Beishanodon youngi
Sinognathus gracilis
Nanogomphodon
wildi
A
ndescynodon
m
endozensis
Pascualgnathus polanskii
Scalenodon
angustifrons
Luangwa drysdalli
Namibia Luangwa
sp
.
Luangwa
sudam
ericana
Traversodon
stahleckeri
M
andagomphodon
attridgei
Mandagomphodon hirschsoni
Arctotraversodon plem
myridon
Boreogomphodon
sp
.
Boreogomphodon herpetairus
Boreogomphodon jeffersoni
Massetognathus pascuali
Massetognathus
ochagaviae
Santacruzodon hopsoni
Dadadon isaloi
Gomphodontosuchus brasiliensis
M
enadon besairiei
Protuberum
cabralensis
Scalenodontoides
macrodontes
Exaeretodon
major
Exaeretodon
argentinus
Exaeretodon
riograndensis
Exaeretodon
statisticae
Ruberodon
roychowdhurii
Lumkuia fuzzi
Ecteninion lunensis
Aleodon brachyrhamphus
Aleodon
sp
.
Chiniquodon kalanoro
Chiniquodon
sanjuanensis
Chiniquodon theotonicus
Chiniquodon sp
.
Probainognathus jenseni
Trucidocynodon
riograndensis
Therioherpeton cargnini
Prozostrodon brasiliensis
Protheriodon estudianti
Panchetocynodon damodarensis
Riograndia guaibensis
Irajatheriumhernandezi
Elliotheriumkersteni
Chaliminia musteloides
Pachygenelus monus
Diarthrognathus broomi
Tritheledontidae indet.
Tritheledon riconoi
Oligokyphus triserialis
Oligokyphus major
Oligokyphus lufengensis
Oligokyphus sp
.
Kayentatherium
wellesi
Bienotherium
magnum
Bienotheriumyunnanense
Bienotherium
minor
Antarctica Tritylodontidae indet.
Tritylodontoides maximus
Bocatherium
mexicanum
Lufengia delicata
Dianzhongia longirostrata
Dinnebitodon amarali
Yunnanodon brevirostre
Tritylodon longaevus
Botucaraitheriumbelarminoi
Brasilitherium
riograndensis
Minicynodon maieri
Brasilodon quadrangularis
Sinoconodon rigneyi
Adelobasileus cromptoni
Bridetheriumdorisae
Gondwanadon tapani
Indotheriumpranhitai
Paceyodon davidi
Eozostrodon parvus
Morganucodon watsoni
Morganucodon sp
.
Morganucodon heikuopengensis
Morganucodon peyeri
Morganucodon oehleri
Bocaconodon tamaulipensis
Megazostrodon rudnerae
Brachyzostrodon sp.
Brachyzostrodon informal sp
. 2
Brachyzostrodon coupatezi
Brachyzostrodon maior
Brachyzostrodon informal sp
. 1
Woutersia mirabilis
Woutersia butleri
Kuehneotheriumpraecursoris
Kuehneotheriumsp
.
Dinnetheriumnezorum
Hadrocodiumwui
Condorodon spanios
Nakunodon paikasiensis
Trishulotheriumkotaensis
Haramiyidae indet. 1
Haramiyidae indet. 2
Theroteinus nikolai
Thomasia moorei
Thomasia antiqua
Thomasia hahni
Haramiyavia clemmenseni
Indobaatar zofiae
Huasteconodon wiblei
Victoriaconodon inaequalis
Argentoconodon fariasorum
Dyskritodon indicus
Henosferus molus
Asfaltomylos patagonicus
Stereosternumtumidum
Brazilosaurus sanpauloensis
Mesosaurus tenuidens
Eunotosaurus africanus
Milleretta rubidgei
Broomia perplexa
Millerosaurus nuffieldi
Millerosaurus ornatus
Milleropsis pricei
Eudibamus cursoris
Bolosaurus striatus
Bolosaurus major
Bolosaurus grandisBelebey maximiBelebey chengi
Belebey augustodunensisBelebey vegrandis
Australothyris smithi
Microleter mckinzieorum
Delorhynchus priscus
Delorhynchus cifellii
Acleistorhinus pteroticus
Colobomycter pholeter
Feeserpeton oklahomensis
Lanthanosuchus watsoni
Lanthaniscus efremovi
Nyctiphruretus acudens
Rhipaeosaurus tricuspidens
Bashkyroleter bashkyricusNycteroleter ineptusEmeroleter levisBashkyroleter mesensisMacroleter agilisMacroleter poezicusBradysaurus seeleyiBradysaurus bainiNochelesaurus alexanderiEmbrithosaurus schwarziBunostegos akokanensisDeltavjatia vjatkensisHonania complicidentataWelgevonden pareiasaurParasaurus geinitziArgana parieasaur indet. 1Nanoparia luckhoffiProvelosaurus americanusAnthodon serrariusPumiliopareia priceiPareiasuchus nasicornisPareiasuchus peringueyiArgana parieasaur indet. 2Shihtienfenia permicaSanchuansaurus pygmaeusPareiasaurus serridensScutosaurus karpinskii
Obirkovia gladiatorArganaceras vacanti
Elginia mirabilis
Owenetta rubidgei
Barasaurus besairiei
Ruhuhuaria reiszi
Saurodektes rogersorumCandelaria barbouri
Owenetta kitchingorum
Coletta seca
Sauropareion anoplus
Kitchingnathus untabeni
Pintosaurus magnidentis
Phaanthosaurus ignatjevi
Phaanthosaurus simus
Theledectes perforatus
Eumetabolodon dongshe
ngensis
Tichvinskia vjatkensis
Tichvinskia jugensis
Timanophon rarident
atus
Lasasaurus beltan
ae
Eumetabolodon b
athycephalus
Teratophon spinig
enis
Thelerpeton opp
ressus
Procolophon tri
goniceps
Pentaedrusaur
us ordosianus
Neoprocoloph
on asiaticus
Haligonia bolo
don
Haligonia sp.
Phonodus d
utoitorum
Scoloparia g
lyphanodon
Sclerosauru
s armatus
Leptopleuro
n lacertinum
Libognathu
s sheddi
Soturnia ca
liodon
Hypsogna
thus sp.
Hypsogna
thus fenne
ri
Thelepho
n contritus
Anomoio
don liliens
terni
Anomoio
don krejcii
Procolin
a teresa
e
Orenburg
ia bruma
Orenburg
ia enigma
tica
Kapes m
ajmescula
e
Kapes a
maenu
s
Kapes b
entoni
Kapes k
omiens
is
Captorh
inidae in
det.
Sauroric
tus aus
tralis
Captorh
inus sp
.
Captorh
inus lat
iceps
Captorh
inus m
agnus
Captor
hinus a
guti
Morad
isaurus
grandis
Morad
isaurin
ae inde
t.
Gecato
gomph
ius kav
ejevi
Gansu
rhinus
qingtou
shane
nsis
Rothia
niscus
robust
a
Paleo
thyris a
cadian
a
Petrol
acos
auru
s kans
ensis
Araeo
scelis
gracilis
Orove
nator
mayor
um
Lanth
anola
nia iva
khnen
koi
Coelu
rosa
urav
us jaek
eli
Coelu
rosa
urav
us e
livens
is
Wapit
isauru
s prob
lemat
icus
Rauti
ania a
lexan
dri
Rauti
ania
minic
hi
Kyrgy
zsa
urus
bukha
nche
nkoi
Hypu
rone
ctor li
mna
ios
Valle
sau
rus
cen
ens
is
Valle
sau
rus
zorz
inens
is
Dola
brosa
urus
aqua
tilis
Mega
lanco
sau
rus
sp.
Mega
lanco
sau
rus
ende
nna
e
Meg
alanc
osa
urus
preon
ens
is
Drep
ano
sau
rus
sp.
Drep
ano
sau
rus
ungu
icaud
atus
Youn
gina
cape
nsis
Ace
roso
donto
sau
rus
pivet
eau
i
Pala
eaga
ma
vielh
aue
ri
Saur
oste
rno
n ba
inii
Palig
uan
a w
hitei
Pam
elina
polo
nica
Icaro
sau
rus
siefk
eri
Kue
hneo
sau
ridae
inde
t.
Kue
hneo
suc
hus
latiss
imus
Kue
hneo
sau
rus
latus
Sop
hine
ta c
rac
ovie
nsis
Meg
ach
irella
wa
chtle
ri
Bha
rata
gam
a re
bba
nen
sis
Paik
asis
aur
us
indic
us
Gep
hyro
sau
rus
bride
nsis
Diph
ydon
tosa
uru
s a
von
is
Whi
take
rsa
uru
s be
rma
ni
Pal
eoll
ano
sau
rus
fras
eri
Pla
noc
eph
alos
aur
us
luca
si
Pla
noc
eph
alos
aur
us
robi
nso
nae
Reb
ban
asa
uru
s jain
i
God
var
isau
rus
late
efi
Sph
eno
con
dor
grac
ilis
Doc
kum
Cle
vos
aur
Pol
ysp
hen
odo
n m
ue
lleri
Bra
chy
rhin
odo
n ta
ylor
i
Cle
vos
au
rus
bair
di
Cle
vos
au
rus
wa
ngi
Cle
vos
au
rus
mc
gilli
Cle
vos
au
rus
peti
lus
Cle
vos
au
rus
bras
ilien
sis
Cle
vos
au
rus
co
nva
llis
Cle
vos
au
rus
min
or
Cle
vos
au
rus
se
ctum
se
mpe
r
Cle
vos
au
rus
SA
M K
789
0
Cle
vos
au
rus
hud
so
ni
Sph
en
ov
iper
a jim
mys
joyi
Pe
lec
yma
la r
obu
stu
s
Sig
ma
la s
igm
ala
Zap
ata
don
ejido
en
sis
Cyn
os
phe
no
don
huiz
ac
hal
en
sis
Cle
vo
sa
uru
s la
tide
ns
Sph
en
otita
n le
yes
i
Ae
nigm
as
trop
heu
s p
arr
ingt
on
i
Pro
toro
sa
uru
s s
pen
eri
Jes
airo
sa
uru
s le
hm
an
i
Pro
lac
erto
ide
s jim
us
are
ns
is
Ma
cro
cn
em
us
bas
sa
nii
Ma
cro
cn
em
us
fuyu
an
en
sis
Ma
cro
cn
em
us
obr
isti
La
ngo
bar
dis
au
rus
pan
dol
fii
La
ngo
bar
dis
au
rus
ton
ello
i
Ha
yde
n Q
ua
rry
Tan
ystr
oph
eid
Tan
ytra
che
los
sp.
Tan
ytra
che
los
ahy
nis
Au
gus
tab
uria
nia
va
tag
ini
SA
Tan
yst
rop
hei
dae
ind
et.
Am
oto
sa
uru
s r
otfe
lde
ns
is
Pro
tan
yst
rop
heu
s a
ntiq
uu
s
Tan
yst
rop
heu
s c
on
spi
cuu
s
Ta
nys
trop
heu
s h
aa
si
Ta
nys
trop
he
us
lon
gob
ard
icu
s
Pa
me
lari
a
dol
ich
otra
che
la
Az
en
doh
sa
ur
us
laa
rou
ss
ii
Az
en
do
hsa
uru
s
ma
da
gas
kar
en
sis
Te
ra
ter
pe
ton
hry
ne
wic
ho
ru
m
Tril
oph
os
au
ru
s
bue
ttne
ri
Sp
ino
su
ch
us
ca
se
an
us
Tril
op
ho
sa
ur
us
jaco
bsi
No
teo
su
ch
us
co
llet
ti
Me
so
su
ch
us
bro
wn
i
Ho
we
sia
bro
wn
i
Eo
hyo
sa
ur
us
wo
lva
ar
dti
Rh
ync
ho
sa
ur
us
ar
tice
ps
Bra
sin
or
hyn
ch
us
m
ar
ian
ten
sis
Ch
an
ar
es
rhy
nc
ho
sa
ur
Ste
na
ulo
rhy
nc
hu
s s
toc
kle
yi
Me
so
da
pe
do
n
kut
tyi
Am
m
or
hyn
ch
us
na
va
joi
La
ng
er
on
yx
bro
die
i
Be
nto
nyx
sid
en
sis
Fo
do
nyx
sp
en
ce
ri
Isa
lor
hyn
ch
us
ge
no
ve
fae
Te
yum
ba
ita
su
lco
gn
ath
us
Hy
pe
ro
da
pe
do
n
tiki
en
sis
Hy
pe
ro
da
pe
do
n
sto
ck
ley
i
Hy
pe
ro
da
pe
do
n
go
rdo
ni
Zim
ba
bw
e
Hy
pe
ro
da
pe
do
n
sp
.
Hy
pe
ro
da
pe
do
n
hu
en
ei
Hy
pe
ro
da
pe
do
n
hu
xle
yi
Hy
pe
ro
da
pe
do
n
sp
.
GS
I
No
va
Sc
otia
Hy
pe
ro
da
pe
do
n
sp
.
W
yo
m
ing
Hy
pe
ro
da
pe
do
n
sp
.
Hy
pe
ro
da
pe
do
n
sa
njua
ne
ns
is
Hy
pe
ro
da
pe
do
n
sp
.
Hy
pe
ro
da
pe
do
n
m
ar
ien
sis
Bo
re
op
ric
ea
fun
er
ea
Ka
dim
ak
ara
au
str
ali
en
sis
Pr
ola
ce
rta
bro
om
i
Ta
sm
an
ios
au
ru
s
tria
ss
icu
s
Te
yu
jag
ua
pa
ra
do
xa
Pr
ote
ro
su
ch
us
fer
gu
si
Pr
ote
ro
su
ch
us
ale
xa
nd
er
i
Pr
ote
ro
su
ch
us
go
we
ri
Pr
ote
ro
su
ch
us
sp
.
Ch
as
m
ato
sa
ur
us
yu
an
i
Ar
ch
os
au
ru
s
ro
ss
icu
s
Fu
gu
su
ch
us
he
jiap
an
en
sis
Cu
yo
su
ch
us
hu
en
ei
Sa
rm
ato
su
ch
us
ots
ch
ev
i
Ka
lis
uc
hu
s
re
w
an
en
sis
Eo
ra
sa
ur
us
ols
on
i
Vo
nh
ue
nia
frie
dri
ch
i
Ch
as
m
ato
su
ch
us
ro
ss
icu
s
Ch
as
m
ato
su
ch
us
m
ag
nu
s
Gu
ch
en
go
su
ch
us
sh
igu
aie
ns
is
Er
yth
ros
uc
hu
s
afr
ica
nu
s
Ch
ali
sh
ev
ia
co
thu
rn
ata
Sh
an
sis
uc
hu
s
ku
ye
he
en
sis
Sh
an
sis
uc
hu
s s
ha
ns
isu
ch
us
Ur
alo
sa
ur
us
m
ag
nu
s
Ga
rjai
nia
m
ad
iba
Ga
rjai
nia
pri
m
a
SA
M
−
P4
17
54
Do
ros
uc
hu
s n
eo
etu
s
Eu
pa
rke
ria
ca
pe
ns
is
Os
m
ols
kin
a
cz
atk
ow
ice
ns
is
Ha
laz
ha
isu
ch
us
qia
oe
ns
is
As
pe
ro
ris
m
ny
am
a
Do
ng
us
uc
hu
s
efr
em
ov
i
Ya
ra
su
ch
us
de
cc
an
en
sis
Va
nc
lea
ve
a
ca
m
pi
Ta
rjad
ia
ru
tha
e
Ar
ch
eo
pe
lta
ar
bo
re
ns
is
Ja
xta
su
ch
us
sa
lom
on
i
Do
sw
ell
ia
ka
lte
nb
ac
hi
Do
sw
ell
ia
six
m
ile
ns
is
Pr
ote
ro
ch
am
ps
a
no
do
sa
Pr
ote
ro
ch
am
ps
a
ba
rrio
nu
ev
oi
Ce
rrit
os
au
ru
s
bin
sfe
ldi
Tro
pid
os
uc
hu
s
ro
m
er
i
Ps
eu
do
ch
am
ps
a
isc
hig
ua
las
ten
sis
Gu
alo
su
ch
us
re
igi
R
ha
din
os
uc
hu
s
gra
cil
is
Ch
an
ar
es
uc
hu
s
bo
na
pa
rte
i
W
an
nia
sc
ur
rie
ns
is
Pa
ra
su
ch
us
an
gu
sti
fro
ns
Pa
ra
su
ch
us
his
lop
i
Pa
ra
su
ch
us
m
ag
no
cu
lus
Pa
ra
su
ch
us
bra
ns
on
i
Eb
ra
ch
os
uc
hu
s
ne
uk
am
i
Br
ac
hy
su
ch
us
m
eg
alo
do
n
Pa
leo
rhi
nu
s
sa
w
ini
Pa
leo
rhi
nu
s
pa
rv
us
An
gis
tor
hin
us
gra
nd
is
An
gis
tor
hin
us
m
ax
im
us
An
gis
tor
hin
us
alt
ice
ph
alu
s
Pr
oto
m
e
ba
tal
ar
ia
M
ac
ha
er
op
ro
so
pu
s
zu
nii
R
uti
od
on
ca
ro
lin
en
sis
Ph
yto
sa
ur
us
do
ug
hty
i
Le
pto
su
ch
us
stu
de
ri
Le
pto
su
ch
us
im
pe
rfe
cta
Le
pto
su
ch
us
cr
os
bie
ns
is
Sm
ilo
su
ch
us
lith
od
en
dro
ru
m
Sm
ilo
su
ch
us
gre
go
rii
Sm
ilo
su
ch
us
ad
am
an
en
sis
P
rav
us
uc
hu
s
ho
rtu
s
Ni
cr
os
au
ru
s
ka
pff
i
Ni
cr
os
au
ru
s
m
ey
er
i
An
gis
tor
hin
op
sis
ru
eti
me
ye
ri
M
ac
ha
er
op
ro
so
pu
s
jab
lon
sk
iae
M
ac
ha
er
op
ro
so
pu
s
be
rm
an
i
M
ac
ha
er
op
ro
so
pu
s
m
cc
au
ley
i
M
ac
ha
er
op
ro
so
pu
s
gre
go
rii
M
ac
ha
er
op
ro
so
pu
s
lot
tor
um
M
ac
ha
er
op
ro
so
pu
s
sp
.
TT
U
−
P
10
07
4 su
nitsirp
s
upos
orporeahc
a
M
s
orec
ub
s
uposorpor
eahc
a
M
sirtsori
n
alp
s
uhc
usoirtsy
M
ilahptse
w
s
uhc
usoirtsy
M
37113
M
MT
−
12
0 sis
ne
a
eg
nos
s
uhc
us
ad
n
uN
s
nedig
nol
s
uhc
usohti
nr
O
ii
nocs
ur
s
uhc
us
ocit
a
neV
sp
ecsi
u
n
et
s
uhc
us
ajoi
R
Ko
ila
m
as
uc
hu
s
go
nz
ale
zd
iaz
i
P
arringtonia
gracilis
.
ps
su
hc
us
ot
ep
r
E
it
n
ar
g
su
hc
us
ot
e
pr
E
.
ps
su
r
u
as
otl
eu
v
e
R
kr
a
w
e
N
ir
ed
n
ell
ac
su
r
u
as
otl
eu
ve
R
it
n
u
h
su
r
u
as
otl
eu
ve
R
ia
il
ga
cs
s
ed
io
r
u
as
ot
e
A
ea
gn
au
hi
ty
m
on
et
S
.
ps
su
r
u
as
ot
e
A
kr
a
w
e
N
su
ta
rr
ef
su
r
u
as
ot
e
A C
oahom
asuchus
sp
.
m
ur
oe
lh
ak
su
hc
us
a
m
oh
ao
C Apachesuchus
heckerti
sis
n
ea
m
ah
c
su
hc
us
ab
irr
ao
iR
itr
ah
en
ir
su
hc
us
ad
n
od
e
R R
edondasuchus
reseri
Low
erM
aleri Typothorax
sp
.
Typothorax
coccinarum
Typothorax
antiquum
African
P
aratypothoracisini indet.
Tecovasuchus
chatterjeei
P
aratypothorax
sp
.
P
aratypothorax
andressorum
P
olesinesuchus
aurelioi
Stagonolepis
robertsoni
Stagonolepis
olenkae
A
etobarbakinoides
brasiliensis
N
eoaetosauroides
engaeus
Calyptosuchus
w
ellesi
Scutarx deltatylus
Adam
anasuchus
eisenhardtae
G
orgetosuchus pekinensis
Longosuchus
m
eadei
Sierritasuchus
m
acalpini
L
ucasuchus
hunti
A
caenasuchus geoffreyi
D
esm
atosuchus
sm
alli
D
esm
atosuchus
spurensis
Turfanosuchus dabanensis
Y
onghesuchus
sangbiensis
G
racilisuchus
stipanicicorum
Ticinosuchus ferox
Q
ianosuchus
mixtus
Hypselorhachis
mirabilis
A
rizonasaurus babbitti
C
tenosauriscus
koeneni
B
rom
sgroveia
w
alkeri
Xilousuchus
sapingensis
P
oposaurus gracilis
Poposaurus langstoni
Lotosaurus
adentus
NHCC
LB34
Sillosuchus longicervix
Shuvosaurus inexpectatus
M
oenkopi Shuvosaurid
Effigia
okeeffeae
Stagonosuchus
nyassicus
H
eptasuchus
clarki
P
restosuchus
chiniquensis
S
aurosuchus
sp
.
S
aurosuchus galilei
Youngosuchus
sinensis
B
atrachotom
us kupferzellensis
A
rganasuchus dutuiti
P
rocerosuchus
celer
D
ecuriasuchus quartacolonia
Dagasuchus
santacruzensis
Fasolasuchus
tenax
Fleming Fjord R
auisuchid
Tikisuchus
rom
eri
Luperosuchus fractus
R
auisuchus
tiradentes
P
ostosuchus
alisonae
P
ostosuchus kirkpatricki
P
olonosuchus
silesiacus
Teratosaurus
suevicus
CM
73372
Trialestes
rom
eri
Carnufex
carolinensis
P
seudhesperosuchus jachaleri
H
esperosuchus
unam
ed
species
Hesperosuchus
agilis
S
altoposuchus
connectens
D
romicosuchus grallator
Sphenosuchus
acutus
R
edondavenator quayensis
Dibothrosuchus
elaphros
Dibothrosuchus
aff. sp
.
Terrestrisuchus gracilis
Litargosuchus leptorhynchus
Kayentasuchus
walkeri
Platyognathus
species 2
Platyognathus hsui
H
emiprotosuchus leali
P
rotosuchus
micm
ac
P
rotosuchus
richardsoni
P
rotosuchus haughtoni
O
rthosuchus
stormbergi
E
opneum
atosuchus
colberti
Dianchungosaurus lufengensis
M
esoeucrocodylia indet.
C
alsoyasuchus
valliceps
Sclerom
ochlus taylori
P
reondactylus buffarinii
Austriadactylus
cristatus
Peteinosaurus
zambelli
R
aeticodactylus filisurensis
C
aviram
us
schesaplanensis
Bergamodactylus
wildi
Austriadraco dallavecchiai
Arcticodactylus
cromptonellus
E
udimorphodon
rosenfeldi
SMU
69125
E
udimorphodon
ranzii
Parapsicephalus purdoni
Dimorphodon
weintraubi
Dimorphodon
macronyx
C
ampylognathoides
zitteli
C
ampylognathoides liasicus
Dorygnathus banthensis
W
ales
rhamphorhynchid indet.
Lagerpeton
chanarensis
Lagerpetonidae indet.
Dromomeron
romeri
Dromomeron gigas
Dromomeron gregorii
M
arasuchus lilloensis
Saltopus elginensis
Lewisuchus admixtus
Asilisaurus kongwe
Eucoelophysis baldwini
Lutungutali sitwensis
Silesaurus opolensis
Petrified Forest Silesaurid
Otis Chalk Silesaurid
Ruhuhu Silesaurid
Diodorus scytobrachion
Eagle Basin Silesaurid
Technosaurus smalli
Ignotosaurus fragilis
Agnosphitys cromhallensis
Sacisaurus agudoensis
Pisanosaurus mertii
Laquintasaura venezuelae
Stormbergia dangershoeki
FMNH CUP 2338
Eocursor parvus
Lesothosaurus diagnosticus
Heterodontosaurus tucki
Lycorhinus angustidens
NHMUK RU A100
Kayenta heterodontosaurid
Argentinian Heterodontosauridae indet.
NHMUK R14161
Abrictosaurus consors
Pegomastax africanus
Manidens condorensis
Scutellosaurus lawleri
Emausaurus ernsti
Arizona Scelidosaur
Scelidosaurus harrisonii
Tatisaurus oehleri
Bienosaurus lufengensis
Nyasasaurus parringtoni
Guaibasaurus candelariensis
Guaibasauridae indet.
Herrerasaurus ischigualastensis
Staurikosaurus pricei
Sanjuansaurus gordilloi
Poreba Herrerasauridae indet.
Alwalkeria maleriensis
Chindesaurus bryansmalli
Daemonosaurus chauliodus
Tawa hallae
Eodromaeus murphi
Segisaurus halli
Dracoraptor hanigani
Coelophysis kayentakatae
Panguraptor lufengensis
FMNH CUP 2089
−2090
Coelophysis bauri
Coelophysis sp
.
Connecticut Coelophysis sp
.
Coelophysis rhodesiensis
Camposaurus arizonensis
Shake
−N
−Bake taxon
Podokesaurus holyokensis
Procompsognathus triassicus
Poreba Theropoda indet.
Gojirasaurus quayi
Lophostropheus airelensis
Liliensternus liliensterni
Zupaysaurus rougieri
Dracovenator regenti
Indian Dilophosaur
Dilophosaurus wetherilli
Berberosaurus liassicus
Sinosaurus triassicus
Cryolophosaurus ellioti
Eshanosaurus deguchiianus
Panphagia protos
Eoraptor lunensis
Pampadromaeus barberenai
Saturnalia tupiniquim
Chromogisaurus novasi
Pantydraco caducus
Arcusaurus pereirabdalorum
Thecodontosaurus antiquus
Asylosaurus yalensis
Efraasia minor
Nambalia roychowdhurii
Plateosauravus cullingworthi
Ruehleia bedheimensis
Unaysaurus tolentinoi
Plateosaurus gracilis
Plateosaurus engelhardti
Plateosaurus erlenbergiensis
Jaklapallisaurus asymmetrica
Riojasaurus incertus
Eucnemesaurus entaxonis
Eucnemesaurus fortis
Gyposaurus sinensis
Ignavusaurus rachelis
Sarahsaurus aurifontanalis
Glacialisaurus hammeri
Coloradisaurus brevis
Lufengosaurus huenei
Adeopapposaurus mognai
Leyesaurus marayensis
Pradhania gracilis
Massospondylus kaalae
Massospondylus carinatus
Gryponyx africanus
Jingshanosaurus xinwaensis
Yunnanosaurus huangi
Chuxiongosaurus lufengensis
Seitaad ruessi
Anchisaurus polyzelus
Mussaurus patagonicus
Xixiposaurus suni
Aardonyx celestae
Leonerasaurus taquetrensis
Sefapanosaurus zastronensis
Melanorosaurus readi
Melanorosaurus thabanensis
Antetonitrus ingenipes
Lessemsaurus sauropoides
Camelotia borealis
Lamplughsaura dharmaramensis
Chinshakiangosaurus chunghoensis
Blikanasaurus cromptoni
Gongxianosaurus shibeiensis
Pulanesaura eocollum
Tazoudasaurus naimi
Ohmdenosaurus liasicus
Vulcanodontidae indet.
Vulcanodon karibaensis
Isanosaurus attavipachi
Kotasaurus yamanpalliensis
Barapasaurus tagorei
Amygdalodon patagonicus
Tonganosaurus hei
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Fig. 2 Phylogenetic framework and biogeographic regions employed in this study. a Informal supertree of amniotes used in the analyses. b Triassic
palaeogeography, drawn using the ‘paleoMap’ R package63 with additional reference to10, 30,with the geographic regions used as localities for the network
analysis indicated as follows. (1) Western USA, British Columbia, Mexico, Venezuela; (2) Eastern USA, Eastern Canada, Morocco, Algeria; (3) Europe,
Greenland; (4) Russia; (5) China, Thailand, Kyrgyzstan; (6) Argentina; (7) Brazil, Uruguay, Namibia; (8) South Africa, Lesotho, Zimbabwe; (9) Tanzania,
Zambia, Madagascar, India, Israel, Saudi Arabia; (10) Antarctica, southeast Australia
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Discussion
The Triassic represents an important time in the evolution of
vertebrate life on land. It witnessed a series of turnover events
that resulted in a major faunal transition from Palaeozoic
communities, dominated by non-mammalian synapsids and
parareptiles, to more modern faunas, including clades such as
crocodylomorphs, dinosaurs, lepidosaurs, mammaliaforms, and
turtles9, 18. Our novel phylogenetic network approach helps to
place these major faunal transitions of the Triassic within a global
biogeographical context by allowing changes in faunal
connectivity to be quantiﬁed within an explicit evolutionary
framework.
Our results demonstrate an overall decrease in pBC from the
Lopingian to the Early Jurassic, but punctuated by signiﬁcant
increases across both the Permian–Triassic and Triassic–Jurassic
mass extinction events. This provides quantitative support for
classically held hypotheses about the presence of a global
cosmopolitan fauna in the aftermath of and in response to these
events2, 3. The robustness of these results to sampling variation
and variable time bin length supports their interpretation as real
biogeographical signals.
Our taxon subset analyses were explicitly aimed at
disentangling the impact of alternative mechanisms that could
lead to this pattern of increased post-extinction pBC. Novel
clades, those diverging immediately prior to or immediately after
each mass extinction, were analysed separately and exhibit
relatively high levels of pBC (i.e., increased cosmopolitanism
relative to the preceding time bin) in both the Early Triassic and
earliest Jurassic (Fig. 4a, b). By contrast, surviving clades, those
well-established prior to the extinction and extending through it,
exhibit no increase across the Permian–Triassic boundary and
only a moderate increase across the Triassic–Jurassic boundary
(Fig. 4b). This indicates that the increases in pBC following each
extinction were primarily driven by the opportunistic radiation of
novel taxa to generate cosmopolitan ‘disaster faunas’, rather
than being due to preferential extinction of endemic taxa19.
Recently-diverging clades in other time bins do not exhibit
elevated pBC (Supplementary Note 5) and there is no correlation
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Fig. 3 Results from BC analysis of Lopingian-Early Jurassic terrestrial amniotes. Results from both non-phylogenetic (BC, red) and phylogenetic (pBC, blue)
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between pBC and average branch length in each time bin
(Supplementary Note 6, Supplementary Fig. 6), indicating that
this result is due to abnormal conditions following each mass
extinction as opposed to being a property of clade age.
The global biogeographic restructuring of biological commu-
nities associated with these mass extinction events hence provides
evidence of the release of biotic constraints3, which would
have facilitated the radiation of new or previously marginal
groups, such as archosauromorphs following the Permian–Triassic
mass extinction3, and dinosaurs and mammaliaforms during the
Early Jurassic20, 21. This highlights the importance of historical
contingency in the history of life, where unique events such as
mass extinctions have exerted strong inﬂuences on the subsequent
macroevolutionary patterns observed in deep time22–24.
The global pBC pattern recovered here differs from the more
geographically focused and temporally limited non-phylogenetic
study of Sidor et al.3, which found Middle Triassic levels of BC in
southern Pangaea to be lower than those seen in the late Permian.
Reanalysis of the amniote occurrences from the basin-level data
set of Sidor et al.3 demonstrates that pBC also declines between
these time bins, although not signiﬁcantly (Fig. 5b). Looking
more broadly, pBC trends in Gondwana differ from those seen in
Laurasia (Fig. 5a). This is particularly evident in the Late Triassic
and Early Jurassic, in which a signiﬁcant increase and decrease in
pBC is seen in Laurasia for each time bin, respectively, but not in
Gondwana (Fig. 5a).
These results suggest that localized biogeographic patterns
within Gondwana may have been decoupled from those seen
elsewhere in the northern hemisphere. This would corroborate
previous work, suggesting the evolution of a distinct fauna, that
includes massopodan sauropodomorphs, ornithischians, basal
saurischians, and prozostrodontian cynodonts as relatively
common taxa in South America and Africa during the
Late Triassic11. The occurrences of guaibasaurids25 and ﬂoral
similarities26, 27 provide some links between South American
communities and the upper Maleri Formation of India, although
the latter assemblage remains relatively poorly-known and
sampled. The Triassic–Jurassic mass extinction was a global
event19 and it is unclear why decoupling of biogeographic trends
within Gondwana should occur. Sampling within Gondwana
during this interval is uneven, with the bulk of occurrences
coming from palaeolatitudes between 30–60°S (see Supplemen-
tary Note 4). During the Late Triassic the 30–60° latitudinal belts
were dominated by subtropical desert28. Interestingly, whereas
this biome was more fragmented by seasonally wet conditions
through into the Jurassic within Laurasia, it remained relatively
stable in Gondwana26, 28. It is possible that this stability may have
contributed to the evolution of a distinct fauna in the southern
hemisphere. Alternatively, however, this distinct Gondwanan
pattern may be a sampling artefact. Although the inclusion of
phylogenetic information allows the approach used here to
incorporate more data than previous methods, sampling of latest
Triassic and earliest Jurassic Gondwanan localities is relatively
poor and uneven, leading to the low statistical power of results
within these time bins. In the earliest Jurassic, in particular, over
80% of Gondwanan tetrapod occurrences are from the upper
Elliot and Clarens formations of South Africa. Further evaluation
of this possible signal will require sampling of new Late Triassic
and Early Jurassic Gondwanan localities, particularly from India
and Antarctica.
Under our non-phylogenetic network analysis of the global
data set, no increase in BC is observed across the Triassic–Jurassic
boundary; indeed, no signiﬁcant differences are observed between
any consecutive time bins (Fig. 3). This highlights the importance
of including phylogenetic information in global analyses
such as that conducted here; without the incorporation of
phylogeny, aspects of biogeographic signal may be obscured.
The decline of pBC to minimal levels towards the end of
the Triassic supports hypotheses of strong faunal provinciality
and increased endemism within Pangaea during the early
Mesozoic3, 9, 12, 13, 29. The distribution of Late Triassic tetrapods
varies with latitude9, 11–13, a pattern also observed in terrestrial
ﬂoras9, 27. This is somewhat unexpected, given that oceanic
barriers to dispersal were scant30 and the latitudinal temperature
gradient was weak28 in Pangaea during the Late Triassic. Instead,
the ‘mega-monsoonal’ climate of Late Triassic Pangaea28 would
have driven provinciality of faunas through strong latitudinal and
seasonal variation in precipitation12, 13. Patterns of endemism
farther back into the Palaeozoic are presently unclear because
the Lopingian was preceded by a poorly-understood period of
taxonomic turnover during the Guadalupian31. Analysis of older
Palaeozoic time bins will be required to elucidate changes in
endemism during the earlier history of Pangaea.
This background trend of increasing endemism contrasts
sharply with the increase in pBC immediately following each
mass extinction. This highlights the unique macroevolutionary
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regimes associated with mass extinctions24, 32, with post-extinc-
tion ‘disaster faunas’ being the result of the abnormal selective
conditions operating in the wake of these crises. An increase
in global cosmopolitanism, with a prevalence of ‘disaster taxa’,
has also been observed in marine invertebrates across
the Ordovician-Silurian33, 34, Permian–Triassic35, 36, and
Cretaceous-Palaeogene14 mass extinctions, although these studies
have not explicitly incorporated phylogenetic data. Similarly,
more generalized insect-plant associations show higher
survivorship across the Cretaceous-Tertiary mass extinction37
and, on the smaller scale, Pleistocene-Holocene warming resulted
in a greater unevenness of small mammal faunas in northern
California38. Our demonstration of a similar signal in terrestrial
communities in the latest Palaeozoic and early Mesozoic suggests
that mass extinctions exert predictable biogeographical inﬂu-
ences. However, the Permian–Triassic and Triassic–Jurassic
events may be unique amongst terrestrial mass extinctions due to
the presence of Pangaea, where the perceived reduction in
barriers to overland dispersal might have facilitated the devel-
opment of high levels of terrestrial cosmopolitanism. Extending
the methodology employed here to other extinction events, such
as for terrestrial faunas across the Cretaceous–Palaeogene
boundary, will provide further tests of generalizable biogeo-
graphic trends across different mass extinction events.
These common trends observed in the fossil record have the
potential to inform modern conservation efforts, given that the
current biodiversity crisis is acknowledged as representing
another mass extinction event39. Global homogenisation due to
human activities, such as landscape simpliﬁcation40, ecosystem
disruption40–42, anthropogenic climate change4, 38, 42, and
introduction of exotic species42–44, represents a principal threat
to contemporary biodiversity43, 45. Ongoing extinction will
exacerbate this42, 43 with a shift towards a more generalized
‘disaster’ fauna projected on the basis of current trends4, 46. The
observation of global collapse in biogeographic structure
accompanying previous mass extinctions, as documented here,
corroborates this and is of key importance in forecasting the
biological repercussions of the current biodiversity crisis.
Methods
Phylogeny. An informal supertree of 1046 early amniote species ranging from
315–170Ma was constructed from pre-existing phylogenies (Fig. 2a; Supplemen-
tary Note 1, Supplementary Data 1). We used an informal supertree approach
rather than a formal supertree in order to maximize taxonomic sampling, including
species that have not been included in quantitative phylogenetic analyses. In
addition to the taxa included in the biogeographic connectedness analyses, this
sample included some stratigraphically older taxa in order to more accurately
date deeper nodes. In order to account for phylogenetic uncertainty, 100 time-
calibrated trees, with random resolution of polytomies, were produced from
this supertree utilizing the ‘timePaleoPhy’ function of the paleotree package47
in R (version 3.2.3;48). Trees were dated according to ﬁrst occurrence dates,
with a minimum branch length of 1Myr.
Taxon occurrences and ages. A global occurrence database of 891 terrestrial
amniote species was assembled, primarily from the Paleobiology Database49, with
the addition of some occurrences from the literature (see Supplementary Note 2,
Supplementary Data 2). Taxa were dated at stage level. They were then placed in
the following time bins for analysis: Lopingian, Early Triassic (Induan and
Olenekian), Anisian, Ladinian, early Late Triassic (Carnian–early Norian), late Late
Triassic (late Norian–Rhaetian), early Early Jurassic (Hettangian, Sinemurian), and
late Early Jurassic (Pliensbachian, Toarcian). The Late Triassic was not split into its
constituent stages due to the disproportionately long Norian stage:50–53 rock units
from this epoch were instead assigned to either the early Norian or the late Norian
(Supplementary Tables 1, 2).
Geographic areas. In order to conduct network and many other palaeobiogeo-
graphic analyses, it is necessary to identify a series of geographically discrete areas
(the localities of the taxon-locality network in the network methodology). These
areas are typically deﬁned solely on the basis of geography (rather than shared ﬂora
or fauna) because the aim is to test faunal similarity between geographically distinct
regions of the world. For example, previous analyses have commonly used modern
continents as input areas10, 11, 13, 15. This traditional approach is potentially
problematic on a supercontinent where, for example, eastern North American and
north-western African localities were much closer to each other than to localities
in southwestern North America or southern Africa. Instead, we deﬁned our
geographic areas on the basis of k-means clustering of the palaeocoordinate data
for 2144 terrestrial fossil occurrences from the relevant time span, obtained mostly
from the Paleobiology Database (Supplementary Note 3). Importantly, this
approach does not require or use any information on taxonomy or phylogeny—it is
solely designed to ﬁnd geographically-discrete clusters of fossil localities—and thus,
it is fully independent from the subsequent network analyses.
The data were binned at epoch level, with each epoch analysed separately to
avoid confusion arising from continental movements. K-means clustering was
performed within R, varying the value of k from 5–15. For each value of k, the
analysis was repeated with ten random starts, with 100 replicates). Performance of
different analyses was then compared on the basis of the percentage of variance
explained, and results were compared with palaeogeographic reconstructions
through this interval10, 54 (Supplementary Table 3; full results are given as
Supplementary Data 3). This resulted in the designation of ten discrete
palaeogeographic regions that each represent localities for the network analyses
(Fig. 1b). Taxa were assigned to one or more regions as appropriate, yielding a
taxon-locality matrix for each time bin (Supplementary Data 4).
Phylogenetic network biogeography analyses. Non-phylogenetic biogeographic
connectedness(BC) was previously quantiﬁed3 as the rescaled density of a taxon-
locality matrix, calculated as follows:
BC ¼ O NðLNÞ  N : ð1Þ
In this formula, O= the number of links in the network (the sum of all values
in a taxon-locality matrix, which will equal the number of occurrences in a
non-phylogenetic analysis), N= the number of taxa, and L= the number of
localities. This gives the ratio between the number of taxa present beyond a single
locality and the maximum possible number of occurrences (i.e., every taxon present
at every locality). Aside from whether a taxon is identical or not, no further
phylogenetic information is included using this method—links are only considered
where an individual taxon is shared between different localities, and are all equally
weighted.
Herein, this method was modiﬁed to include phylogenetic information (pBC)
by weighting links between taxa as inversely proportional to the phylogenetic
distances between them. Phylogenetic distances between taxa were measured by
summing the branch lengths in millions of years representing the shortest distance
between two taxa. This was then scaled against the maximum possible phylogenetic
distance (i.e., the total distance of the summed branch lengths between the two
most distantly related taxa). This scaled value was then subtracted from one to
yield the weight of each link: the values of links between taxa hence vary between
one (co-occurrence of the same species in two separate localities) and zero
(when comparing the two most distantly related taxa in the taxon-locality matrix).
The sum of the reweighted taxon-locality matrix was then substituted for O in Eq. 1
to yield a value of pBC. This method has been made available as the “BC” function
within the R package dispeRse55 (available at github.com/laurasoul/dispeRse):
example analysis scripts are given as Supplementary Data 5 and Supplementary
Data 6. It should be noted that a given value of pBC will be a non-unique solution:
the same value could theoretically be generated by many links between distantly-
related taxa or by fewer links between more closely-related species. Disentangling
these possibilities is difﬁcult. However, comparison of results with measured
phylogenetic distances and number of taxa in each time bin indicates that pBC
results are not merely driven by differences in the relatedness of sampled taxa, and
instead reﬂect genuine biogeographical signal (see supplementary information).
Analysis of a simulated null (stochastically generated) data set indicated a
predictable and systematic pattern of increasing pBC through time. This is due to
the increasing distance from a persistent root to the tips through time, resulting in
phylogenetic branch lengths between nearest relative terminal taxa becoming
proportionately shorter. In order to compare pBC between different time bins, it is
therefore necessary to remove this tendency for pBC to increase in later time bins.
We achieved this through the introduction of a constant, μ, which collapses all
branches below a ﬁxed “depth” such that root age is equal to μ million years before
the tips. The introduction of this constant also alleviates problems of temporal
superimposition of biogeographic signals that may otherwise occur. It means that
pBC results reported for each time bin reﬂect patterns generated by biogeographic
processes in the preceding μ million years, preventing these recent biogeographic
signals of interest from being swamped by those from deeper time intervals.
A μ value of 15 was chosen based on the results of sensitivity analyses varying the
value of μ from 5–25Myr in 1Myr increments (Supplementary Note 7,
Supplementary Fig. 7).
This method was applied to the taxon-region matrix for each time bin, and the
100 time-calibrated supertrees, pruning taxa not present within the bin of interest
(effectively making each tree ultrametric) to calculate pBC. Jackkniﬁng, with 10,000
replicates, was used to calculate 95% conﬁdence intervals. This analysis was then
repeated without phylogenetic information to gauge the importance of phylogeny
on observed patterns.
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Taxon subset analyses. In order to investigate the processes giving rise to
observed changes in cosmopolitanism over mass extinction events, analyses were
also performed on two taxonomic subsets. The ﬁrst reanalysed time bins either side
of each mass extinction (the Lopingian and Early Triassic and late Late Triassic and
early Early Jurassic), including only small clades exhibiting high survivorship
(<20 species, with≥ 20% of lineages crossing the extinction boundary). This
was intended to minimize the inﬂuence of possible preferential extinction of
geographically-restricted taxa.
The removal of taxa during mass extinctions opens new vacancies in ecospace,
promoting adaptive radiations in surviving, often previously marginal, clades56, 57.
For example, the Permian–Triassic mass extinction is seen as a causal factor in the
succeeding radiation of epicynodonts58 and archosaurs3, 59, 60, and the
Triassic–Jurassic radiation as pivotal in the diversiﬁcation of crocodylomorph61
and dinosaur clades20, 62. ‘Disaster faunas’ will hence be expected to be composed
of relatively recently diverging clades, as surviving taxa diversify into broader
geographic ranges (e.g., ref. 59). To test the signiﬁcance of this, we reanalysed the
time bins immediately following each mass extinction, including only clades that
branched <2Myr prior to or after the boundary. In order to ensure that the results
of this analysis reﬂected differences in the post-extinction bins as opposed to an
artefact of clade age, also performed analyses applying this ﬁlter to the other time
bins (see Supplementary Note 6).
Geographically localized analyses. To atomise global pBC signals into
hemispheric trends, pBC was re-calculated for Laurasian and Gondwanan areas
separately following an identical procedure to that for global analyses. Finally, to
compare global results obtained from this new method with the more localized
analysis of Sidor et al.3, another set of analyses was performed following the
taxonomic sampling of the latter. Terrestrial amniote occurrences from the late
Permian and Middle Triassic of the Karoo Basin of South Africa; Luangwa Basin of
Zambia; Chiweta beds of Malawi; Ruhuhu Basin of Tanzania, and the Beacon
Basin of Antarctica were taken from the data set of Sidor et al.3. These data and the
100 time-calibrated trees described above were then used to calculate BC and pBC
between these basins for each of the sampled time bins.
Data availability. All the data analysed in this study and example code are
available in the supplementary data ﬁles.
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